Epigenetic deregulation is involved in acute myeloid leukemia (AML) pathogenesis and epigenetic targeting drugs are in clinical trial. Since the first results with histone-deacetylase inhibitors in AML are controversial, novel single and combined treatments need to be explored. It is tempting to combine chromatin-targeting drugs. SUV39H1, the main methyl-transferase for lysine 9 tri-methylation on histone H3, interacts with oncogenes involved in AML and acts as a transcriptional repressor for hematopoietic differentiation and immortalization. We report here that pharmacological inhibition of SUV39H1 by chaetocin induces apoptosis in leukemia cell lines in vitro and primary AML cells ex vivo, and that it interferes with leukemia growth in vivo. Chaetocin treatment upregulates reactive oxygen species (ROS) production as well as the transcription of death-receptor-related genes, in a ROS-dependent manner, leading to death receptor-dependent apoptosis. In addition to its direct inhibition by chaetocin, SUV39H1 is indirectly modulated by chaetocin-induced ROS. Accordingly, chaetocin potentiates other anti-AML drugs, in a ROS-dependent manner. The decryption of a dual mechanism of action against AML involving both direct and indirect SUV39H1 modulation represents an innovative read-out for the anticancer activity of chaetocin and for its synergy with other anti-AML drugs, suggesting new therapeutic combination strategies in AML.
Introduction
Acute myeloid leukemia (AML) groups a number of diseases defined both by the presence of blasts in the bone marrow and deficient hematopoiesis. The prognosis is unfavorable with a long-term overall survival of o30% for patients younger than 60 years, and 10-20% for older patients, treated with conventional intensive chemotherapy. 1, 2 Over the past few years, the interest of targeted therapies such as tyrosine-kinase pathway inhibition was pointed out, even though the clinical benefits are presently limited. 3 Significant advance has been made with evidence that epigenetic regulation is involved in tumorigenesis. [4] [5] [6] Notably, epigenetic alterations were identified as a driving phenomenon for AML and myelodysplastic syndromes. [7] [8] [9] Strong evidence demonstrates that aberrant epigenetic regulation, such as silencing of tumor suppressor genes, is used by cancer cells to escape growth control and death mechanisms. 10 Several drugs able to alter the epigenetic status of a cell have shown promising results for cancer treatment and DNA methyl-transferase inhibitors have been approved by the Food and Drug Administration and European Medicines Agency for the treatment of myelodysplastic syndromes. 11, 12 Moreover, several histonedeacetylase inhibitors (HDACi) exhibit significant anti-tumor activity and acceptable toxicity profiles in in vitro, ex vivo and in vivo models, and are now approved or in clinical trials in monotherapy or in combination with others drugs. 13 HDACi induces TNF-related apoptosis-induced ligand-dependent cell death, 14, 15 thereby exerting tumor-selective death in myeloid leukemias. In addition to histone and non-histone acetylation, histone methylation has also been shown to be significant in the epigenetic control of gene expression through the establishment of stable gene-expression patterns. Histone tails can be mono-and di-methylated on arginine, and mono-, di-and tri-methylated on lysine residues. Lysine methylation can be linked to activation or repression of transcription, depending on the modified site. So far, more than 20 lysine-and 9 argininehistone methyl-transferase (HMT) have been identified in humans, many of which are involved in leukemia such as the MLL1 fusion proteins and the human homolog of yeast Dot1. 16 Despite the fact that HMTs are emerging as compelling targets for drug discovery efforts, particularly for the treatment of AML, only recently the investigation for selective inhibitors of these enzymes has begun. Direct inhibitors of HMTs have been reviewed recently. 17 A specific inhibitor of lysine HMT has been described recently. Chaetocin is a fungal mycotoxin specifically inhibiting the variegation 3-9 homolog 1 (SUV39H1) enzyme. 18 Chaetocin displayed anticancer properties against multiple myeloma via oxidative stress induction. 19 SUV39H1 is the main HMT responsible for the accumulation of histone H3 containing a tri-methyl group at its lysine 9 position (H3K9me3) in heterochromatin. SUV39H1 interacts with proto-oncogenes such as AML1, EVI-1 and PML-RARa, which play critical roles in the development of AML, influencing the transcriptional repression of target genes involved in hematopoietic differentiation and bone marrow immortalization. 20 We evaluated the pharmacological inhibition of SUV39H1 by chaetocin as a new potential anti-AML approach and explored the related mechanism(s) of action. Our results identify chaetocin as an anti-leukemia agent acting through a dual inhibitory mechanism that involves reactive oxygen species (ROS) production, and modulation of SUV39H1 activity in a ROS-dependent manner, and leads to death receptor-mediated cell death. We further highlight the interest of combining epidrugs for the treatment of AML, including SUV39H1 targeting agents.
Materials and methods

Reagents
Chaetocin, staurosporine and L-N-acetyl cysteine (L-NAC) were purchased from Sigma (St Louis, MO, USA); SAHA and MS-275 from Alexis Biochemical (Farmingdale, NY, USA); anti-CD34 þ and anti-cytochrome c antibodies, as well as Z-VAD-fmk, Annexin V and 7-aminoactinomycin D (7-AAD) were from BD Pharmingen (San Jose, CA, USA); and carboxy-2 0 ,7 0 -dichlorofluorescein was from Invitrogen (Carlsbad, CA, USA).
HMT assay
HMT analyses were performed according to the supplier's suggestions (BPS). Briefly, recombinant SUV39H1 or SUV39H1 cell extracts were incubated for 1 h at room temperature in 96-well plates pre-coated with histone H3 peptide substrate in 50 ml of HMT buffer containing S-adenosyl-methionine as the methyl donor in the presence or absence of chaetocin. Next, primary antibody, which recognizes methylated K9 residue of histone H3, was added. Finally, the plate was treated with a horseradish peroxidase-labeled secondary antibody, followed by addition of the horseradish peroxidase substrate to produce chemiluminescence measured using a chemiluminescence reader (Tecan, Lyon, France).
Cell culture, viability and apoptosis assay
Human leukemia cell line U937 was obtained from ATCC (Rockville, MD, USA) and was cultured in RPMI 1640 medium supplemented with 10% fetal calf serum (Gibco BRL, Villebon sur Yvette, France).
Since the toxicity of chaetocin on SL-2 insect cells was reported to be highly dependent on the initial cell density when chaetocin is added to the culture, 18 exponentially growing cells were seeded at 2 Â 10 6 cells per ml, followed by drug treatment for 24-72 h. Cell outgrowth was measured using the Cell Titer Glo Kit (Promega, Madison, WI, USA) using a FLUOstar optima luminometer (BMG Labtech, Ortenberg, Germany).
Annexin V/7AAD staining was carried out according to the manufacturer's protocol (BD Pharmingen). Briefly, after drug treatment, cells were washed with cold phosphate-buffered saline (PBS), resuspended with binding buffer (10 mM HEPES, pH 7.4, 140 mM, 2.5 mM CaCl 2 ) before transferring 2 Â 10 5 cells to 5 ml tube and adding 5 ml of Annexin V-fluorescein isothiocyanate and 5 ml of 7AAD. After 15 min incubation time in the dark, binding buffer (400 ml) was added to each tube and cells were analyzed using a Beckman Dickinson LSR II flow cytometer (Beckman Dickinson, Le Pont de Claix, France).
Western blotting
The ApoAlert Cell Fractionation Kit supplied by BD Bioscience Clontech (Palo Alto, CA, USA) was used according to the manufacturer's instructions. Briefly, cells were centrifuged at 600 g for 5 min at 4 1C and resuspended in 800 ml of fractionation buffer (BD Bioscience Clontech). Cells were passed 20 times through a 22-gauge needle and the homogenates were centrifuged at 700 g for 10 min and at 10 000 g for 25 min at 4 1C. Equal amounts of protein (15 mg) were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis. After immunoblotting with anti-cytochrome c antibodies, polyvinylidene fluoride membranes were stripped and reprobed with anti-b-tubulin, ensuring equal protein loading.
For histone detection, U937 cells were harvested and washed twice with ice-cold PBS 1 Â . Then, cells were lysed in Triton Extraction Buffer (PBS containing 0.5% Triton X-100 (v/v), 2 mM phenylmethylsulfonyl fluoride, 0.02% (w/v) NaN 3 ) at a cellular density of 10 7 cells per ml for 10 min on ice, with gentle stirring. After a brief centrifugation at 2000 r.p.m. at 4 1C, the supernatant was removed and the pellet was washed in half the volume of Triton Extraction Buffer and centrifuged before. The pellet was resuspended in 0.2 M HCl at a cell density of 4 Â 10 7 cells per ml and acid extraction was proceeded overnight at 4 1C on rolling table. The day after the samples were centrifuged at 2000 r.p.m. for 10 min at 4 1C, the supernatant was removed and protein concentration was determined using the Bradford assay. About 10 mg of acid-extracted protein were loaded on 15% sodium dodecyl sulfate-polyacrylamide gel electrophoresis and transferred onto nitrocellulose. The nitrocellulose was incubated with antimono-methyl-and tri-methyl-K9H3 (Abcam, Paris, France) and the analyses were performed according to the supplier's suggestions. Histone H4 and H3 (Abcam) were used as equal loading control.
Transfection, miRNA interference
The BLOCK-iT Pol II miR RNAi Expression Vector Kits (Invitrogen) was used to clone microRNA (miRNA) sequences contained within the engineered pre-miRNA into pcDNA 6.2-GW/EmGFP-miR expression vector to generate expression clone pcDNA.rSUV39h1-miRs (miR SUV). Briefly, Invitrogen's RNAi design algorithm on line as the miRNA target finder and design tool (https://www.rnaidesigner.invitrogen.com/rnaiexpress/ setOption.do?designOption ¼ mirna) was used for designing the SUV39h1 pre-miRNA sequences. We selected three human candidate inserts, which derived from SUV39H1 mRNA sequences, to minimize possible nonspecific reactivity with target sequences. These inserts targeting the SUV39H1 mRNA were cloned into an expression vector plasmid to construct recombinant plasmid pcDNA.rSUV39h1-miR-1, -2 and -3 (miR SUV1, SUV2, SUV3). As a control, miR C including no insert targeting SUV39H1 mRNA was constructed, too. Recombinant plasmid constructs were verified by DNA sequencing. Plasmid purification kit was purchased from Qiagen (Valencia, CA, USA), and the miRNA forward sequencing primer (5 0 -GGCATG GACGAGCTGTACAA-3 0 ) and reverse sequencing primer (5 0 -C TCTAGATCAACCACTTTGT-3 0 ) were provided by Invitrogen. miR C/SUV or dominant-negative FADD (FADD-DN)/mut constructions were transfected into U937 cells via Nucleofector Technology, as recommended by the manufacturer (Amaxa GmbH, Köln, Germany). Briefly, 5 Â 10 6 cells were resuspended in 100 ml Cell Line Nucleofector Solution V and nucleofected with 2 mg of each vector using program V-001, which are preprogrammed into the Nucleofector device (Amaxa GmbH). Following nucleofection, the cells were immediately mixed with 500 ml of pre-warmed RPMI 1640 cell culture medium and transferred into six-well plates containing 1.5 ml RPMI 1640 medium per well. Cells were incubated at 37 1C for 24 h before analysis.
Cell cycle analysis
The cells were harvested and resuspended in staining solution containing RNAse A, propidium iodide (50 mg/ml), sodium citrate (0.1%) and NP40 (0.1%) in PBS 1 Â for 30 min in the darkness. Cell cycle distribution was assessed with a FACScalibur flow cytometer using the Cell Quest software (Becton Dickinson, Milan, Italy) and analyzed by standard procedures using the same software and the ModFit LT version 3 software (Verity, Topsham, ME, USA).
Analysis of caspases activity
The activities of individual caspase were determined using commercially available kits. Cells were homogenized in Lysis Buffer (BioVision, Mountain View, CA, USA) on ice. After centrifugation, the supernatants were collected for a further analysis of caspase activity. Caspase-8 and -9 activities were determined using a Fluorometric Assay Kit (BioVision), whereas the activity of caspase-3/7 was determined using luminescence Caspase-Glo Assays (Promega) according to the manufacturer's instruction.
Low-density array-based real-time reverse transcriptase-PCR Total RNA was isolated from cultured cells using Trizol reagent, as recommended by the manufacturer (Invitrogen). Reverse transcriptase reaction was performed using 2 mg of total RNA and Moloney murine leukemia virus reverse transcriptase (Applied Biosystems, Foster City, CA, USA). The resulting cDNA was then quantified using the TaqMan method.
For TaqMan low-density array (Applied Biosystems), primer pairs for 17 TNFSF ligands, 24 receptors and several control genes were incorporated into a low-density array (Assay on Demand; Applied Biosystems), and developed as described previously. 21 Briefly, 5 ml cDNA (equivalent to 100 ng of total RNA) was mixed with TaqMan Universal Mix (Applied Biosystems) and loaded into one sample port. Thermal cycler conditions were as follows: 2 min at 50 1C, 15 s at 95 1C and 60 s at 60 1C for 40 cycles. Capture of fluorescence was recorded on the ABI Prism 7900HT scanner, and the C T was calculated for each assay using the Sequence Detection System software 2.1 (Applied Biosystems). Normalization of quantitative-polymerase chain reaction (PCR) assays was conducted using the C T value of the GAPDH endogenous control. Samples were then converted to a fold change ratio described using standard DC T formula, where DC T ¼ C T targetÀC T average endogenous controls. Thereafter, DDC T values were calculated by subtracting the DC T value of each target from the DC T of the calibrator (untreated samples). Clustering of quantitative-PCR data was conducted by Pearson's correlation and visualized using the program TIGR Multiexperiment Viewer (http://www.tigr.org/software/tm4/mev.html).
PCR was carried out using 25 ml cDNA and 20 ml of reaction mix containing 12.5 ml of TaqMan universal PCR Master Mix (Roche, Rosny sous Bois, France) (dATP, dCTP, dGTP and dUTP, MgCl 2 , AmpliTaqGold, Amperase uracil-N-glycosylase), 200 nM of TaqMan probes corresponding to the studied gene, 400 nM of each primer and 50 nM of GAPDH primers and TaqMan probe. TaqMan probes and primers were purchased from Applied Biosystems. Data were collected using an ABI Prism 7900 HT Sequence Detection System (Applied Biosystems) for 40 cycles (95 1C for 15 s, 60 1C for 1 min) after an initial step of 50 1C for 2 min and 95 1C for 10 min. The relative amount of mRNA was calculated as described above. All data were generated in triplicate and expressed as mean ± s.d.
ROS analysis
To measure intracellular ROS levels, cells grown at 70% confluence were collected and suspended in PBS. The oxidationsensitive fluorescent probe dihydroethidium (Invitrogen) was added at 5 mM. After 30 min of incubation under protection from light, the cell suspension was subjected to flow cytometry analysis.
Patient samples
Fresh AML cells were obtained from bone marrow of 27 patients upon informed consent, using Ficoll-Hypaque density-gradient centrifugation. Blasts were immediately cryopreserved in fetal calf serum supplemented with 10% methyl sulfoxide. All patients were diagnosed according to WHO classification at the Haematology Department of Institut Paoli Calmettes (Marseille, France). Leukemias were characterized in terms of morphology (French-American-British classification), karyotype, immunophenotyping and FLT3 gene mutation (internal tandem duplication or tyrosine kinase domain mutation). Bone marrow samples contained more than 80% leukemic blasts after processing. This project has been reviewed and approved by the Internal Review Board of Institut Paoli Calmettes, in accord with the Declaration of Helsinki.
In vivo mice experiments
Xenograft study using U937 cells were performed in NOD/Shiscid IL2rgamma(null)-severe combined immunodeficiency disease mice maintained under specific pathogen-free conditions in individual ventilated cages with acidified water. Cells (0.2 Â 10 6 in 100 ml) were injected intravenously (retro orbital vein) in anesthetized animals. Injected mice were randomly assigned to receive chaetocin (0.5 mg/kg) or vehicle (5% dimethyl sulfoxide in H 2 O) intraperitoneally for 2 weeks (eight doses). All animal procedures were performed in accordance with protocols approved by the local committee for Animal Experimentation (Comité d'Etique de Marseille pour l'expérimentation animale). At 16 days after injection, mice were killed and the femurs and spleens were collected. Bone marrow and spleen cells were collected and subjected to flow cytometry. Samples were mixed with mouse immunoglobulin G to block nonspecific staining and were incubated with an appropriate volume of indicated antibodies for 30 min on ice. The mixture was depleted of erythrocytes and was fixed in Lyzis Solution (BD Pharmingen). U937 human cells were examined by double staining with fluorescein isothiocyanate-conjugated anti-human CD45 antibody (Beckman Coulter, Marseille, France) and allophycocyaninconjugated anti-mouse CD45 antibody (Cliniscience, Richboro, PA, USA).
Synergy determination
Synergy between chaetocin and arabinoside C (AraC) or Vorinostat was assessed using an experimentally determined constant molar ratio of chaetocin and AraC (1:40) and of chaetocin and Vorinostat (1:20) . To establish the most effective concentration range for each agent, dose-response curves were generated and effective dose 50 values were calculated using nonlinear regression analysis. In subsequent experiments, cells were treated with serial dilutions of each drug individually and with both drugs simultaneously in a fixed molar ratio. The Calcusyn software (Biosoft, Cambridge, UK) was used to determine whether any synergy existed between the agents using the Chou and Talalay method, 22 which takes into account both potency (effective dose 50) and the shape of the dose-effect curve. Accordingly, the combination index (CI) was calculated and analyzed as follows: CIo1, CI ¼ 1 and CI41 indicate synergism, additive effect and antagonism, respectively.
Supplementary Materials and methods for the Supplementary figures accompany the paper on the leukemia website (http:// www.nature.com/leu).
Results
SUV39H1 inhibition induces caspase-dependent apoptosis in human leukemia cells
As reported previously, the fungal mycotoxin chaetocin induces sub-micromolar inhibition of recombinant SUV39H1 activity in vitro (Figure 1a and Greiner et al. 
18
) or K562 cell culture (Supplementary Figure  1A) after 24 h of treatment. Localized inhibition of H3-K9 tri-methylation was also observed by chromatin immunoprecipitation, followed by PCR amplification of p15INK4B and E-cadherin promoter region (Supplementary Figure 1B) , as described previously. 23 Chaetocin treatment resulted in cell cycle arrest in the S phase (Figure 1c) , and dose-dependent impairment of cell viability (Figure 1d) , which was also highly dependent on the initial cell density when chaetocin is added to the culture (data not shown), in agreement with previous reports. 18 The consequences of the inhibition of SUV39H1 activity or expression on cell viability was further analyzed. Chaetocin treatment of U937 cells induced dose-dependent Annexin V staining, with 100 nM chaetocin inducing Annexin V staining in more than 50% of treated cells (Figure 1e) , consistent with Annexin V staining being an early marker of cell death. Similarly, the knockdown of SUV39H1 expression by three distinct miRNA sequences (miR SUV 1-3) was always associated with increased Annexin V staining, as compared with either control or scrambled miRNA constructs (Figure 1f) . Of note, Annexin V staining levels inversely correlated with the efficiency of SUV39H1 knockdown (Figure 1f , compare lower panel to upper panel), supporting the existence of a causal link between SUV39H1 expression and/or activity, and cell survival. The impact of the SUV39H1 miRNA construct on global H3K9 tri-methylation was also verified (Supplementary Figure 1C) . Consistent with Annexin V staining results, chaetocin treatment induced executioner caspase-3/7 activity in a dosedependent manner (Figure 2a) as well as the activation of both the caspase-8 and -9 pathways (Figure 2b) , and accumulation of cytosolic cytochrome c as evidence of mitochondrial damage (Figure 2c) . Inhibition of caspase activity by the general caspase inhibitor Z-VAD-fmk demonstrated the essential requirement for caspase activation in chaetocin-induced apoptosis (Figure 2d ). In addition to U937 cells, chaetocin also activated caspase-3/7 activity in other leukemia cell lines (for example, HL60 and NB4; see Supplementary Figure 2A) , which was associated with caspase activity-dependent apoptosis (Supplementary Figure 2B) . 
To gain mechanistic insights into chaetocin-induced apoptosis, the transcriptional modulation of 48 pro-apoptotic and housekeeping genes by chaetocin treatment was next explored by time-course real-time PCR using TaqMan low-density array. As shown in Figure 3a , 100 nM chaetocin treatment induced and/or upregulated death receptor signaling molecule mRNAs, such as that of Fas, FasL, TNF-related apoptosis-induced ligand, DR4 and TL1A, as well as of the cell cycle inhibitor p21/WAF1, which correlated in a time-dependent manner with cell cycle arrest and caspase-dependent apoptosis induced by similar doses of chaetocin (Figures 1 and 2) . 15, 24, 25 Despite the induction of p21/WAF1 mRNA and protein levels in chaetocin-treated cells (Figure 3a and Supplementary Figure 3A ) and the abrogation of Entinostat-induced G1 arrest, 15 stable knockdown of p21/WAF1 expression did not prevent chaetocin-induced apoptosis (Supplementary Figure 3B and C). In contrast, the sensitivity to 50-200 nM chaetocininduced apoptosis was strongly reduced in cells expressing a FADD-DN, but not in cells expressing an inactive, mutated form (DN-FADD Mut). Entinostat-induced apoptosis was similarly antagonized by the FADD-DN construct, as reported previously (Figure 3b ). 15 Modulation of chaetocin-induced apoptosis and SUV39H1 activity by ROS Activation of the death receptor pathway and preliminary evidence of mitochondrial damage, such as caspase-9 activation and the cytosolic accumulation of cytochrome c, led us to investigate the induction of oxidative stress in chaetocin-treated U937 cells. Flow cytometry assays showed a dose-dependent induction of ROS by treatment with 20-500 nM chaetocin (Figure 4a) , which was fully prevented by co-treatment with L-NAC, a ROS scavenger (Figure 4b) . Thus, chaetocin-induced ROS correlated in a time-dependent manner with both chaetocin-induced cell-death, L-NAC blockade of chaetocininduced apoptosis (Figure 4c ) and cell cycle arrest in the S phase (Figure 4d) .
Co-treatment with L-NAC inhibited chaetocin-induced upregulation of mRNA encoding for p21/WAF1, death receptors and ligands ( Supplementary Figures 4A and B) , strongly suggesting that ROS production preceded and/or was required for the modulation of these targets by chaetocin. Consistently, L-NAC prevented chaetocin modulation of H3-K9 tri-methylation (Figure 5a ), and partially restored SUV39H1 inhibition by chaetocin (Figure 5b ). The fact that L-NAC restored chaetocinmediated H3-K9 tri-methylation downregulation in intact cells, yet only partially prevented cell-derived SUV39H1 inhibition by Dual anti-leukemia activity of chaetocin H Chaib et al chaetocin in the in vitro methylation assay, suggests that modulation of H3-K9 tri-methylation by chaetocin is not exclusively dependent on SUV39H1 activity. Of particular interest, basal cell-derived SUV39H1 activity was upregulated by L-NAC treatment, thus suggesting that ROS levels modulate SUV39H1 methyl-transferase activity.
Chaetocin-induced apoptosis in primary acute myeloid leukemia samples and in in vivo xenograft models
The impact of chaetocin on apoptosis was also studied ex vivo in primary blasts from individuals with AML (Table 1) . Of the 27 AML cultures that were analyzed, more than 96% responded to chaetocin treatment by undergoing apoptosis, in a dosedependent manner, for chaetocin concentration ranging from 100 to 1000 nM (Figure 6a ). However, there was no correlation with the pre-treatment variables (that is, French-AmericanBritish classification, white blood cell at diagnosis, cytogenetics or molecular findings) or the initial response to induction chemotherapy (Figure 6b) . Notably, although extensive apoptosis was induced in AML blasts, CD34 þ normal myeloid progenitor samples from four normal donors showed moderate sensitivity to 1000 nM chaetocin treatment (Figure 6c ). These data suggested that chaetocin-based treatment of AML affected blasts predominantly as compared with normal cells. Early CD34 þ /CD38À progenitor cells, sorted and compared with the CD33 þ blasts of the same patient, showed comparable sensitivity to chaetocin treatment (Figure 6d) .
To assess the anti-leukemic activity of chaetocin in vivo, NOD/ Shi-scid IL2rgamma(null)-severe combined immunodeficiency disease mice were retro-orbitally injected with U937 cells, and were treated three times weekly with intra-peritoneal administration of chaetocin (Figure 6e ). The mice which were killed 16 days post-xenograft displayed a normalized weight of 96%, and 91% of their initial weight, for control mice and chaetocin-treated mice, respectively. The bone marrow and blood of each mouse were examined by flow cytometry. Human U937 xenografted cells were discriminated from the mouse leukocytes by human CD45 þ versus mouse CD45 þ staining (Figure 6f) . Preliminary in vivo experiments demonstrated the anti-proliferative activity of chaetocin on U937 cells with human CD45 þ -labeled cells reduced from 47 to 30% in the bone marrow of NOD/Shi-scid IL2rgamma(null)-severe combined immunodeficiency disease mouse xenografts (Figure 6g ). In all, o0.1% human CD45 þ -labeled U937 cells could be detected in the blood of control and chaetocin-treated animals (data not shown).
Evidence of the efficiency of combination therapy
The relevance of chaetocin treatment in combination therapies was next explored together in association with Vorinostat, a potent HDACi (for a review see Marks and Breslow 26 ), and 
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AraC, an important drug used against AML (for a review see Robak and Wierzbowska 27 ). The anti-leukemic action of chaetocin was potentiated by both Vorinostat (Figure 7a ; for a review see Marks and Breslow 26 ), a potent HDACi, and AraC (Figure 7b) , an important drug used against AML (for a review see Robak and Wierzbowska 27 ). The optimal molar ratio for these drug combinations was determined experimentally using the CellTiter Glo assay (Figures 7a and b) . To establish the most effective concentration range for each agent, dose-response curves were generated and effective dose 50 values (the concentration required to kill 50% of the cells) were calculated using nonlinear (sigmoidal) regression analysis. In subsequent experiments, cells were treated with serial dilutions of each drug individually and with both drugs simultaneously in a fixed ratio. Analysis of the combined drug effects was made using the median effect method. 22 Briefly, this analysis involved plotting the dose-response curves for each drug and multiple diluted fixed-ratio combinations, and then calculation of the CI. As shown in Figure 7 , synergy (CIo1) was observed for the combination of chaetocin with AraC in the full range of tested drug concentrations (Figure 7c ), and additivity (CIE1) to synergism was observed for the combination of chaetocin with Vorinostat, depending on the drug concentrations (Figure 7d) .
Following seeding U937 cells at low cell density (0.1 Â 10 6 cells per ml) in 96-well plates to increase the sensitivity of cells to chaetocin as described previously, 18 even very low concentration of chaetocin (1-5 nM) potentiated Vorinostat and AraC anti-leukemic action, which was prevented by L-NAC co-treatment (Figure 7e) . The fact that L-NAC specifically prevented the potentiating effect of chaetocin on both Vorinostat Percentage of blast in the sample before BMMC separation using Ficoll-Hypaque centrifugation method. All the samples used in this study contained at least 80% of blasts after Ficoll centrifugation. Dual anti-leukemia activity of chaetocin H Chaib et al or AraC anti-leukemic activity strongly supports an essential role of oxidative stress in chaetocin-mediated action.
Discussion
The involvement of epigenetic alterations in the pathogenesis of AML has been suggested 14 years ago, 28, 29 and epigenetic targeting drugs have significant clinical activity against AML and high-risk myelodysplasia (myelodysplastic syndromes). DNA methyl-transferase inhibitors show an overall response rate ranging from 40 to 60%, but with low incidence of complete remission and a high rate of progression even during treatment. Interestingly, these results seem independent of cytogenetic risk factors and are associated with low toxicity, allowing a broader use of these therapies even in elderly patients. 12 Of note, results with HDACi, used in monotherapy against AML, have been disappointing. 30, 31 Two main clinical issues remain to be Dual anti-leukemia activity of chaetocin H Chaib et al addressed for the use of epidrugs: response rate optimization and incorporation into curative strategies. Combination therapies using DNA methyl-transferase inhibitors and other epidrugs, such as HDACi, are currently investigated with promising results, 32 such as the Vorinostat-based combination treatment in high-risk myelodysplastic syndromes. 33 However, in AMLs, the data are limited and the results controversial. 31, 34 Clearly, new approaches are needed. So far, several lysine and arginine methyl-transferases 35, 36 have been identified in humans, many of which have been associated with cancerogenesis. [37] [38] [39] Targeting HMT in cancer may represent a promising approach. Indeed, the involvement of HMTs recruited to regulate the transcription of hematopoietic genes such as EVI-1, AML1 and PML-RARa during leukemogenesis would be in favor of the use of an HMT-targeted therapy. [40] [41] [42] In support of the HMT-based therapy, aberrant gene silencing results from increased SUV39H1 occupancy of target promoter regions.
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SUV39H1 downregulation inhibits the colony formation activity of EVI-1-expressing cells, underlining a role for SUV39H1 in EVI-1-mediated bone marrow immortalization and leukemogenesis. 20 Apoptosis induction following SUV39H1 knockdown further supports an important role for this enzyme in leukemic cell survival (Figure 1f) .
The fact that chaetocin can induce apoptosis of leukemia cells, similarly to SUV39H1 knockdown, suggests both that SUV39H1 is a potential molecular target for cancer treatment and that pharmacological inhibition of SUV39H1 could be used against cancer. Indeed, chaetocin displayed anti-leukemic activity in vitro, in AML blasts ex vivo and in mice xenograft assays in vivo. The clear significance of ROS generation for , and induces a cell cycle blockade and apoptosis. Chaetocin-induced apoptosis can be blocked by dominant-negative FADD TNF receptor and caspase inhibition, but not by p21/WAF1 knock down. Downregulation of Suv39H1 expression similarly induces apoptosis. Chaetocin also induces ROS production, which in turn can modulate Suv39H1 activity, upregulate pro-apoptotic TNF family members and p21/WAF1, and induce cell blockade and apoptosis. Inhibition of ROS production by L-NAC prevents all these chaetocin-mediated effects, except for the modulation of Suv39H1 activity, which is only partial.
Dual anti-leukemia activity of chaetocin H Chaib et al chaetocin activity ( Figure 5 ) suggests a dual action of chaetocin both via direct modulation of SUV39H1 activity 18 and ROS production. The fact that (i) chaetocin has been reported to be a competitive inhibitor of thioredoxine (Trx) for Trx reductase activity (TrxR1); 43 (ii) TrxR/Trx pathway is central in limiting ROS production; and (iii) chaetocin may exert anticancer effects via ROS generation (Isham et al. 19 and this study) indicates that TrxR1 inhibition by chaetocin may at least partially explain ROS-mediated anticancer activity. However, this hypothesis does not exclude the role of the direct inhibition of SUV39H1 in chaetocin-induced apoptosis. Indeed, as is the case of chaetocin treatment, depletion of SUV39H1 induces apoptosis (Figure 1f ), indicating that SUV39H1 represents an important target in AML. Given that L-NAC only partially restored the inhibition of SUV39H1 by chaetocin (Figure 5b ), whereas apoptosis induction by chaetocin is fully abolished by L-NAC (Figure 4b ), indicates that ROS production might in part be indirectly responsible of the enzymatic inhibition of chaetocin. An attractive hypothesis to explain this 'indirect' modulation of SUV39H1 by chaetocin-produced ROS relies on its recently described potential to target the hypoxia-inducible factor-1a/p300 interaction by a zinc ejection mechanism. 44 The SUV39-type methyl-transferases such as SUV39H1 all share a C-terminal region bearing three conserved cysteine residues essential for the HMT activity. 45, 46 The cysteine-rich domain contributes to S-adenosyl-L-methionine (AdoMet/SAM) cofactor and peptide substrate binding by forming a zinc binding site in conjunction with a conserved cysteine near the active site. 47 The selective SUV39H1 inhibition by chaetocin supports this hypothesis. Indeed, chaetocin has been identified as a specific inhibitor of SUV39-type methyl-transferases, with no effect on HMT such as E(z), PRSET7 or SET7/9 that do not belong to the SU(VAR)39 class of enzymes, and lack the C-terminal cysteine-rich domain. 18 The drop in SUV39H1 activity observed with thiolreactive substances such as DTT at high doses 18 also supports this type of mechanism. Of course, the 'direct' mechanism of chaetocin action on SUV39H1 remains to be defined by structural analysis. Given that it has been reported that chaetocin competes with the S-adenosyl-methionine methyl donor cofactor, whose binding site is formed in part by the cysteine-containing C-terminal part of SUV39H1, 18 this competition might impact both directly on SUV39H1 activity and indirectly on the cysteine residues exposition to oxidation by ROS. Only a detailed structural analysis of the mechanism of action of chaetocin on SUV39H1 will better define its dual activity.
Accumulating evidence suggests that, compared with their normal counterparts, many types of cancer cells have increased levels of ROS. 48 A moderate increase in ROS levels can promote cell proliferation and differentiation, whereas excessive amounts of ROS can cause oxidative damage to lipids, proteins and DNA. Therefore, manipulating ROS levels may selectively kill cancer cells, yet under persistent intrinsic oxidative stress, many cancer cells become resistant to such treatments. Several studies have indicated that modulation of ROS may influence the pathogenesis and treatment of AML. [49] [50] [51] Chaetocin both induces and requires ROS production for its anti-leukemia activity, which might represent relevant insight for anticancer approaches. This anticancer action also relies on the activation of the death receptor pathway in cancer cells, as strongly suggested by the interfering action of caspase inhibitors (Figure 2) , as well as molecularly by the FADD-DN blockade (Figure 3b ). Although ROS production seems to be the causal element of regulation, the exact connection between ROS and death receptors remains to be defined. The fact that chaetocin combined with an HDACi (Vorinostat) or the chemotherapy agent AraC improves the anticancer activity of the single treatment highlights the interest of developing combination therapies targeting these mechanisms. Given that this complementation is counteracted by L-NAC-, chaetocin-related compounds might provide a distinct, ROS-dependent, alternative strategy for the treatment of AML, including for patients resistant to HDACi or demethylating agents.
Altogether, our results propose chaetocin-related targeting of SUV39H1 as a new therapeutic strategy in AML and underline the role of SUV39H1 activity in AML pathogenesis. Yet, variable responses to chaetocin treatment were noted among 27 analyzed cultures without correlation with pre-treatment variables. Future studies will be important to delineate the molecular basis of the observed variable responses and to establish the specific contribution of chaetocin molecular targets to the described anti-leukemia activity.
